A plaque technique for the assay of Rickettsia rickettsii is described. The method employs primary chick or green monkey kidney monolayer cell cultures with either an agarose or special Noble agar overlay. Plaques were counted in 6 days and resultant titers correlated well with LDso end points obtained by a standard assay in embryonated eggs. Identification of the plaque-forming organisms was accomplished by direct observation of rickettsiae-like bodies in the monolayer lesions, inhibition of plaques by antibiotics, sensitivity of plaques to specific immune serum, and failure to cultivate other microorganisms from the infected cells. Versatility of the test was demonstrated by assaying samples of rickettsiae from several different sources commonly used in our laboratory. These included infected yolk sacs, various cell cultures, and infected guinea pig tissue. Sufficient numbers of viable rickettsiae were present in the cells of a single lesion to permit direct recovery.
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Investigators working with rickettsiae have recognized a need for improved methods of assay for many years. The usual assay employing embryonated eggs has many attendant difficulties including high variability due to factors that are often difficult to control. The egg inoculation assay requires 10 or 11 days to obtain results and does not possess the advantages inherent in an enumeration procedure. Kordova (1) described a plaque technique that she applied to several species of rickettsiae but did not include Rickettsia rickettsii. She reported several serious limitations of the technique, including failure to obtain plaques in 16 of 22 attempts. The test required 14 to 17 days for completion, and the end points were 100-fold less sensitive than the egg-inoculation procedure. This report describes a plaque technique for R. rickettsii that is as sensitive as the yolk sac assay, takes much less time, and is highly reproducible.
MATERIALS AND METHODS
Organism. The organism under study was the Bitter Root (R1) strain of R. rickettsii in 68th passage level in chick embryo yolk sacs.
The working seeds were prepared by homogenizing the infected yolk sacs in a blendor. The homogenate was centrifuged at 6,000 rev/min for 15 min in a refrigerated centrifuge. The sediment was homogenized in a Ten Broeck grinder; after centrifugation at 1,500 rev/min, the supernatant fluid was removed and the sediment was discarded. The supernatant fluid was centrifuged at 6,000 rev/min for 15 min, and the sediment was suspended in sucrose phosphate buffer (2) , dispensed in glass ampoules, and stored in a mechanical deep freeze until used. These seeds had titers of approximately 10'5 to 108.0 yolk sac 50% lethal doses per ml (YSLD5o/ml).
Additional sources of the organisms were obtained by infecting confluent monolayers of 24-hr primary chick fibroblasts, VERO cells (a green monkey kidney cell line), or HK cells (a hamster kidney cell line) with the working seed. Propagation of rickettsiae in these systems was initiated by (i) removing the cell attachment fluid [medium 199 (M199) containing 5% calf serum], (ii) applying 0.1 ml of working seed for 15 min at room temperature to the cells, and (iii) without removing the excess inoculum, adding 5 ml of M199 supplemented with 5% calf serum. The monolayers were then incubated in a closed system at 33.5 C until cytopathic changes were seen in 95% of cells observed under low-power magnification. The yield was harvested by suspending the cells in the supernatant fluid with the aid of glass beads and then subjecting the suspension to rapid passage through a 25-gauge needle three times. This procedure ruptured many cells and dispersed clumped cells and rickettsiae. Disruption of the cells by sonic cavitation offered no additional advantages. Rickettsiae from infected guinea pig testicles and tunica albuginea were released by first mincing the tissues with scissors and then homogenizing them, in M199 supplemented with 5% calf serum in a Ten Broeck grinder. Before the inoculum was used, the lipoidal material that collected on the surface was aspirated and discarded.
Plaque procedure. The diluent for all inocula was either cold Brain Heart Infusion (BHI) or M199 containing 5% CaS. The cell attachment fluid was removed from the 24-hr confluent chick primary monolayers, and 0.1 ml of the inoculum was applied to the cells for 15 min at room temperature with the bottles (30-ml plastic flasks; Falcon Plastics, Los Angeles, Calif.) tightly sealed. During this time, care was taken to insure that the inoculum contacted the entire sheet. Tilting the bottle at several angles immediately after When 100 ml of overlay was to be prepared, the proper amount of agar was melted in 10 ml of water at 10-lb pressure for 10 min. A 90-ml amount of medium at 56 C was added to the liquid agar which was then kept at 56 C and cooled to 40 C just prior to use. After the overlay had formed a gel over the cells, the closed bottles, without inverting, were incubated at 32 C for 6 days.
The plaques that formed were of sufficient contrast to be counted by using indirect illumination of the cell sheet while holding the bottle above a dark background. Although no stain was needed, improved contrast could be achieved by applying 1 ml of a 0.1% neutral red solution on the firm agar and permitting diffusion to the cells for 1 hr at 37 C. When semisolid agar was used, the overlay was first removed by inclining the bottle and sharply tapping the side. This caused liquefaction of the agar, which was then decanted. A 1-ml amount of neutral red solution was applied to the cells for 5 min at 37 C and the excess was decanted; after 30 min of further incubation at 37 C, the plaques could be observed without special illumination.
Isolation of rickettsiae from a single plaque was accomplished by either aspirating the cells with a curved Pasteur pipette or by removing them with a bacteriological loop. The cells were suspended in 0.2 ml of M199 with 5% calf serum and applied to another monolayer of chick fibroblasts.
RESULTS
Plaque morphology. Plaques formed by R. rickettsii in chick embryo (CE) monolayers after the 6th day of infection are shown in Fig. 1 Agarose (0.5%) overlays (5 and 10 ml) in the standard flasks were compared by using two seeds of R. rickettsii. The 10-ml overlay was apparently better; however, the difference was not statistically significant (Table 4) .
In another experiment, plaques were produced under various concentrations of methylcellulose with 0.5% in M199 being optimal. The use of methylcellulose offered no advantage over the agar overlays and, because of the difficulty in handling, it was not used thereafter.
The incorporation of either 100 or 200 ,ug of diethylaminoethyl (DEAE) dextran per ml of 0.5% agarose or 0.5% special Noble agar overlay had no effect on either plaque size or number. The monolayers under the dextran overlays deteriorated after 6 days, which was 2 days earlier than controls without the dextran. The higher concentration of dextran affected the monolayer so severely that the plaques were difficult to differentiate.
The length of time the inoculum was allowed to contact the CE monolayers varied from 15 to 60 mn. Adsorption for 15 min appeared adequate, because the plaque counts were approxi- When 0.5 ml of specific immune serum (complement-fixation titer, 1:512) of Rhesus monkey origin was added to the overlay medium of each bottle, the plaque size was reduced to an average of 0.5 to 0.75 mm, and the plaque borders were no longer uniform and sharply demarcated. The plaque numbers, however, were not reduced.
Addition of a mixture of antibiotics (100 units of crystalline penicillin and 50 /g of streptomycin per ml) to the overlay reduced the plaque size to "pin points" in the three lowest inoculum dilutions tested and completely inhibited the plaque formation at the eight higher dilutions (Table 6 ). Chlortetracycline (0.5 jig/ml of agar) totally inhibited the formation of plaques at all inoculum dilutions.
Cell culture samples obtained from dense plaque areas were inoculated into BHI, thioglycolate broth, and a mycoplasma culture broth. The samples were also streaked on BHIagar and mycoplasma plates. All cultures were incubated at two temperatures (32 and 37 C) and in aerobic conditions, anaerobic conditions, and under 5% CO2 concentrations. All cultures failed to reveal the presence of other organisms. One milliliter of the inoculum used to form plaques was injected into guinea pigs intraperitoneally in a concentration of 103y4 YSLD50/ml diluted in isotonic saline. Additional portions of the sample were titrated in embryonated eggs (ii) When samples from growth studies in cell culture were assayed by both the plaque test and by embryonated egg inoculation, the PFU and YSLD50 end points were similar. If mycoplasma were responsible for the plaques, one would have to postulate that there is an uncommon virulence of mycoplasma for eggs that mimics the pathogenicity of R. rickettsii, or that growth of mycoplasma and rickettsiae in the cell cultures proceed at the same rate and to equivalent yields. (iii) When an inoculum that produced plaques was injected into guinea pigs, the animals showed typical signs of R. rickettsii infection leading to death. Further, a suspension of testicular tissue including the tunica albuginea taken at autopsy produced plaques and was lethal for eggs to the same titer. If the plaques had been produced by mycoplasma, one would also have to argue that the mycoplasma infected the guinea pigs and was found in the testicular tissue in the same concentration as the rickettsiae.
Additional evidence that suggested that the plaques were formed specifically by R. rickettsli was based on the presence of rickettsia-like bodies in the cytoplasm of stained cells within the perimeter of the plaque. Moreover, immune serum taken from a monkey infected with R. rickettsii caused a reduction in plaque sizes when incorporated into the overlay medium.
The results strongly suggest that the plaques observed in these experiments were formed by R. rickettsii. As an assay procedure, the plaque test is more economical, requires less time, has less variability, and is more versatile than the conventional assay procedure involving embryonated eggs. Recent studies in this laboratory have already adapted this technique to testing the organism's sensitivity to antibiotic discs. Recovery of the organism from single plaques makes it possible to perform genetic studies with R. rickettsii that were not previously possible. Experiments are under way to develop a neutralization test based on plaque inhibition.
